TiSi 2 / Si heteronanocrystals on ultrathin oxide was fabricated with self-aligned silicidation method. Compared with Si nanocrystal memory device, TiSi 2 / Si heteronanocrystal metal-oxidesemiconductor memory device shows higher writing saturation level, faster writing/erasing speed, longer retention, and larger memory window. Therefore, heteronanocrystals are very promising to replace Si nanocrystals for future nonvolatile memory applications.
I. INTRODUCTION
Nonvolatile memory devices with semiconductor or metal nanocrystals as storage elements in metal-oxidesemiconductor ͑MOS͒ field effect transistors have attracted much attention from researchers in both industry and academic institutions. [1] [2] [3] [4] [5] [6] [7] Besides these, dielectric nanocrystals ͑Al 2 O 3 , HfO 2 , Si 4 N 3 , etc.͒ [8] [9] [10] were also reported. Intrinsically, semiconductor nanocrystals encounter the issue of defect-related trapping. The large amount of defect-induced charge traps plays a dominant role in the memory operations because of the relatively smaller density of states in the nanocrystals. Therefore, the postannealing can dramatically affect the device performance. The situation becomes even more serious for the dielectric nanocrystals since the defectinduced traps are the only storage nodes for charge retention. The higher trap levels also induce the erasing saturation as has already been known in the silicon-oxide-nitride-oxidesilicon ͑SONOS͒ memory device. 11 An alternative is metal nanocrystals with high density of states. [3] [4] [5] [6] Nevertheless, one drawback of using metal nanocrystals is the metal/oxide reaction in device integration.
In our previous paper, we reported the research results on MOS memory devices using titanium silicide/Si ͑TiSi 2 /Si͒ heteronanocrystals as the floating gates. 12 We investigated the memory effect of a TiSi 2 / Si heteronanocrystal memory with capacitance-voltage sweep method. In this work, we report our detailed study of the transient processes of programming, erasing and retention of a TiSi 2 / Si heteronanocrystal MOS memory. TiSi 2 / Si heteronanocrystals can be achieved using self-aligned silicidation technique based on Si nanocrystals. Figure 1 shows the band diagrams of TiSi 2 / Si heteronanocrystal memory in retention, programming, and erasing operation modes. The work function difference between TiSi 2 and Si creates a deep quantum well in TiSi 2 . For charge storage, the band offset acts as a barrier in addition to tunnel oxide that prolongs the retention time significantly ͓Fig. 1͑a͔͒. During writing under high voltage ͓Fig. 1͑b͔͒, electrons tunnel through the tunnel oxide barrier and are immediately relaxed into the silicide. This suggests that tunneling probability in writing process of TiSi 2 / Si heteronanocrystal memory is mainly dependent on the band offset of the tunnel oxide in the conduction band ͑about 3 eV͒, similar to the case of Si nanocrystal memory. Similar situation also applies to the erasing process ͓Fig. 1͑c͔͒. As the negative gate voltage is high enough, the extra barrier becomes transparent and does not hinder the erasing efficiency. The metallic property of silicide leads to higher density of states and stronger coupling between the nanocrystals and the channel. This allows easier tunneling during erasing and writing. The metallic nature of silicide also introduces less Coulomb blockade effect. Therefore, there is less Coulomb repulsion from the subsequent charge so that the tunneling will be less depressed as the writing or erasing time increases. This also gives the increase of writing and erasing speeds as compared to a Si nanocrystal memory device. Furthermore, metallic TiSi 2 is more thermally stable than metal Ti. The Si dot at the bottom also helps to prevent the diffusion of metal atoms into the oxide during thermal treatment and favors the device reliability. Therefore, TiSi 2 / Si heteronanocrystal floating gate memory devices are expected to have superior performances.
II. FABRICATION AND MEASUREMENT
Thermal oxide with thickness of about 5 nm was grown on a chemically cleaned 4Љ p-type Si at 850°C. It was annealed in nitrogen at 900°C for 30 s before the nanocrystal deposition to release the stress and densify the oxide layer. This step was found to be very critical to depress metal/oxide reaction for better charge retention. Si nanocrystals were grown at 600°C for 10 s with the SiH 4 pressure of 136 mtorr in a low pressure chemical vapor deposition ͑LPCVD͒ system. The TiSi 2 / Si heteronanocrystals were fabricated with a two-step silicidation method. First a 2-nm-thick ͑nominal͒ blanket metal Ti was deposited onto the sample. The first annealing was performed subsequently in nitrogen at 750°C for 20 s. The unreacted Ti metal on top of nanocrystals as well as in between nanocrystals was removed in selective etchant ͑NH 4 OH:H 2 O 2 :H 2 O=1:1:5͒. Discrete TiSi 2 / Si heteronanocrystals with the same dot den-sity as original Si nanocrystals were formed in this stage. The second annealing was performed at 880°C for 30 s after the metal removal to form more thermally robust TiSi 2 dots on Si dots. The sample was then capped with control oxide with thickness of about 17 nm in a low-temperature oxide CVD furnace. Finally, aluminum pads ͑200 ϫ 200 m 2 ͒ were deposited on the front and back sides of the sample to form the MOS capacitor memory. The resultant nanocrystals were characterized by atomic force microscope ͑AFM͒ for the surface morphology and by secondary ion mass spectroscope ͑SIMS͒ for the element composition analysis. The memory characterizations were done with Agilent LCR meter and pulse generator at room temperature. The memory window and time-dependent transient capacitance ͑C-t͒ were measured with the C-V sweep and the constant capacitance method. Figure 2͑a͒ shows an AFM image of the as-grown Si nanocrystals. The dot diameter is about 13 nm and the dot density is around 5 ϫ 10 11 cm −2 . Figure 2͑b͒ shows an AFM image of the TiSi 2 / Si heteronanocrystals. It is found that the dot density does not change as compared to the original Si nanocrystals, suggesting very good self-aligned silicidation process. This density is almost one order of magnitude higher than that of the previous heteronanocrystals. 12 Figure  2͑c͒ shows an AFM image of the TiSi 2 / Si heteronanocrystal sample after diluted HF etching. Since diluted HF etches silicide rather than Si, the smaller dots in the image are the remaining Si nanocrystals. Figure 3 shows the SIMS elemental depth profile of the MOS device containing TiSi 2 / Si heteronanocrystals. A singularity distribution of Ti signal in the oxide can be found, again indicating the formation of silicide dots on top of Si nanocrystals and negligible Ti diffusion after silicidation. The thickness of TiSi 2 part on Si nanocrystal is estimated to be about 3 nm from nanocrystal height difference between the Si nanocrystals and the TiSi 2 / Si heteronanocrystals in AFM studies. Figure 4 shows a typical C-V sweep result for the MOS memory devices with TiSi 2 / Si heteronanocrystals and Si nanocrystals. The sweep began from inversion region to accumulation region and back to inversion region again. The voltage sweep rate is 0.6 V / s. C-V curves exhibit evident hysteresis with a voltage shift of around 2.8 and 1.5 V between the forward and reverse sweep branches for the TiSi 2 / Si hetero-nanocrystal and Si nanocrystal MOS devices, respectively. In other words, strong memory effects are observed. The TiSi 2 / Si heteronanocrystal memory shows a larger charge storage capacity than that of the Si nanocrystal memory. Figure 6 shows the erasing performance comparison between the Si nanocrystal device and the TiSi 2 / Si heteronanocrystal device. The erasing saturation is observed for both Si nanocrystal device and TiSi 2 / Si heteronanocrystal device. However, the TiSi 2 / Si heteronanocrystal device exhibits a much faster erasing speed and a larger saturation level with the same erasing voltage of −20 V. With an erasing time of 50 ms, the TiSi 2 / Si heteronanocrystal memory exhibits an erasure level of −0.85 V, and then the erasing slows down. The erasing of a Si dot device saturates at ⌬Vth= −0.61 V when erasing time approaches 10 s.
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III. RESULT AND DISCUSSION
The differences of the erasing speed and saturation level between the two devices can be explained by the similar mechanism for the writing case. Because the barrier for hole tunneling ͑about 5 eV͒ is higher than the barrier for electron tunneling, erasing is dominated by the process of electron removal from the floating gate. The electron removal from the neutral nanocrystals leads to the positively charged nanocrystals. The more electrons are removed, the more positive potential the nanocrystal has. The increased positive potential in consequence inhibits further removal of electrons. As a matter of fact, this saturation process is a hole Coulomb blockade process. Again due to the metallic property of silicide, TiSi 2 / Si heteronanocrystal memory shows less saturation than that for Si nanocrystal memory device. It is also found that the erasing speed is slower than the writing speed at the same absolute operation voltage for either TiSi 2 /Si heteronanocrystal memory or Si nanocrystal memory. This is due to the fact that the electrons need to overcome a higher barrier than that in writing case as they are confined in the TiSi 2 quantum well of heteronanocrystal or trapped in defect levels of Si nanocrystal.
The charge retention characteristics of the two devices were compared and shown in Figure 7 . The writing was carried out with a writing voltage of 20 V for 1 s, which led to a saturated ⌬V fb of 1.41 and 0.82 V for TiSi 2 / Si heteronanocrystal MOS and Si nanocrystal MOS devices, respectively. TiSi 2 / Si heteronanocrystal device possesses a much slower charge loss rate, which is owed to the deep quantum well formed by the TiSi 2 / Si band offset. It is expected that even after ten years of retention, the remaining charge still holds 91% of the initial written value. However, there is only 63% of the initial charge remaining after ten years for the Si nanocrystal memory device. It should be noted that the charge decay trends of the two devices are very similar to each other at the late stage of retention, indicating the similar 
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trap depths for the memory devices with TiSi 2 / Si and Si nanocrystals. Nevertheless, in Si nanocrystal memory most of the charges are stored in the shallow traps, leading to a quick charge loss once the writing voltage is removed. Assuming a constant back-tunneling probability, the charge decay from an energy level follows a simple exponential law. 13 In other words, charge amount, or ⌬V fb , in logarithmic scale depends linearly on time. As can be seen in Fig. 7 , the ⌬V fb decay of the TiSi 2 / Si nanocrystal memory follows almost a single linear trend. This suggests that most of the initially written charges are localized in the silicide portion ͑quantum well͒ of the heteronanocrystals. The Si nanocrystal memory shows a significant charge loss in the first 2000 s, followed by a slow decay with the decay constant ͑the slope͒ similar to that of the TiSi 2 / Si heteronanocrystal memory. This indicates that multiple energy levels are involved in charge storage when Si nanocrystals are used solely as floating gate. These energy levels could include quantized energy levels in Si nanocrystals due to SiO 2 barrier confinement and shallow/ deep trap levels due to nanocrystal defects.
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IV. SUMMARY
TiSi 2 / Si heteronanocrystals were fabricated using the silicide technique based on Si nanocrystals on silicon dioxide films. The MOS capacitor containing these heteronanocrystals exhibits much better charge retention characteristics, wider memory window, and less writing/erasing saturation, as compared to the Si nanocrystal memory device. Therefore TiSi 2 / Si heteronanocrystal is a promising candidate to replace Si nanocrystal for the next-generation floating gate flash memory devices.
